Over the past decades, stress/rest myocardial perfusion SPECT (MPS) has been utilized as a standard modality for the diagnosis, risk stratification and prognostic assessment of coronary artery disease (CAD). In addition to the perfusion information, MPS can also provide functional information of the left ventricle, including volume, ejection fraction, wall motion and dyssynchrony. This article introduces the incremental value of these non-perfusion parameters as markers and prognosticators of CAD.
INTRODUCTION
Myocardial perfusion SPECT (MPS) is an imaging procedure that utilizes an intravenously administered radiotracer to delineate the distribution of blood flow in the myocardium during exercise or pharmacological stimulation and at rest using tomographic camera. Patients with hemodynamically significant coronary artery stenosis will have a myocardial region of diminished radiotracer concentration in areas of diseased vessels, which constitute the basis of diagnosing coronary artery disease (CAD) with MPS. If the perfusion abnormality shown on MPS is worse at stress than at rest, the so-called reversible defect, the myocardial segment is most likely due to ischemia (Fig. 1) . If the perfusion abnormality remains unchanged from stress to rest (fixed defect), the lesion usually indicates scarred myocardium (Fig. 2) . In current clinical practice, the major indications of MPS are used for evaluation of patients with suspected or known CAD, including assessment of the presence, location, extent and severity of myocardial ischemia and scar, determination of the functional significance of anatomic stenosis detected by invasive or CT coronary angiography, and assessment of myocardial viability in ischemic cardiomyopathy [1] [2] [3] . Plenty of published studies had confirmed the diagnostic accuracy of MPS in detecting obstructive CAD when using the diameter stenosis of diseased vessels demonstrated on coronary angiography [4] . As a functional modality for assessing the hemodynamic significance of coronary lesion, MPS had also established its role in risk stratification and prognostic assessment in patients with CAD [5] [6] [7] . The patients with normal or near-normal results on MPS would have an annual cardiac event rate of less than 1 percent. Fig. 1 Representative images of a patient with severe and extensive myocardial ischemia (reversible perfusion defects) at the apex, mid-basal anterolateral, mid-basal inferoseptal and apical-mid-basal inferior segments. In addition, those showing normal perfusion or only mild ischemia on MPS could be safely managed with conservative medical treatment rather than invasive revascularizations. For those with moderate to severe ischemia on MPS, however, revascularization significantly improves the survival in comparison with medication only [8] [9] . Therefore, MPS has been clinically considered as a gatekeeper of invasive procedure in the management of CAD.
ECG-GATED MYOCARDIAL PERFU-SION SPECT
In gated image acquisition of MPS, ECG provides the R wave trigger to the acquisition computer, with 2 successive R wave peaks on the ECG for defining a cardiac cycle. Reconstruction of 3D images of the leftventricular (LV) myocardium at different time points over the cardiac cycle allows calculation of endsystolic volume (ESV), end-diastolic volume (EDV) and ejection fraction (EF). Cinematic display of MPS images at different cardiac cycles enable readers to assess wall motion (WM) and wall thickening (WT) in all segments of the myocardium (Fig. 3) . The application of ECG-gating technique in MPS enables the simultaneous assessment of LV perfusion and function in a single imaging modality. These functional parameters not only provide invaluable information on diagnosis and prognosis of cardiac disease but also are useful for differentiation of attenuation artifacts from true myocardial injuries [10] . Gated MPS now has become the standard procedure for myocardial perfusion imaging in the nuclear medicine labs worldwide.
LIMITATION OF MPS
The mechanism of myocardial perfusion imaging (MPI) in detecting coronary artery disease (CAD) is primarily based on the detection of perfusion abnormalities of LV myocardium caused by the coronary flow gradients between normal and diseased arteries, which results in differences in tracer uptake in respective myocardial territories. In patients with multivessel CAD, however, the perfusion abnormalities may be unremarkable, or even be missed due to relatively balanced hypoperfusion between the stenosed vessels [11] . A pervious study found that the performance of detecting flow-limited CAD with MPS was very limited in patients with stenoses in multiple coronary vessels; thereby, the diagnostic sensitivity was as low as only 48% [12] . Fig. 4 shows the perfusion images from an 82 yearold male patient who presented with typical angina pectoris and was referred for stress MPS test for diagnosis and risk stratification of suspected CAD. Only unremarkably reversible perfusion abnormality was noted in the apical anterior segment, and conservative management was initially suggested based on the result of MPS. However, he was still referred to receive invasive coronary angiography due to exacerbating symptoms. The angiography revealed an extensive and severe CAD in multi-coronary vessels, including 60% stenosis in the left main artery, 95% in the proximal left anterior descending artery and 70% in the right coronary artery. This patient was thereafter referred for receiving invasive revascularization procedure of coronary artery bypass grafting.
TRANSIENT ISCHEMIC DILATION OF THE LV
Transient ischemic dilation (TID) refers to a significant enlargement in LV size on the stress images compared to the rest images on MPS. The presence of TID, either in exercise or pharmacologic stress protocols, has already been found to be highly indicative of severe and extensive CAD and also predictive of high cardiac-event risk [13] [14] [15] . Abdidov et al. further studied the prognostic value of TID in patients with normal MPS [16] . They found that an entirely normal stress MPS did not always imply an excellent prognosis. They concluded that TID was an independent and incremental prognostic marker of total cardiac event even for patients with otherwise normal MPS, and the interpreter should be very cautious in making lowrisk prognostic statements, especially in patients with typical angina, the elderly, and diabetics [16] . Fig. 5 shows the perfusion images of a 63 year-old male patient who presented with exertional shortness of breath and was referred for stress MPS as a workup of suspected CAD. There is completely normal perfusion in all myocardial areas on both stress and rest images, except for an apparent TID. Based on the normal perfusion and the ignorance of prognostic significance of TID, the patient was managed with conservative medical treatment only without further imaging studies. Unfortunately, acute myocardial infarction involving the anterior wall developed one and a half years later. An emergent invasive coronary angiography revealed total occlusion of left anterior descending artery, 60% stenosis in left circumflex artery The volumes are 66 mL on stress images and 41 mL on rest with a ratio, 1.61 (much greater than the reference cut-off value of 1.19 [20] ).
In addition to a significant drop in LVEF from 52% to 33% (rest to stress), reversible regional wall motion abnormality is also noted with significant increase of summed motion scores (SMS) from 22 to 40. The end-systolic volume (ESV) is severely enlarged from 29 mL to 60 mL with a ratio of 2.07; however, the end-diastolic volume (EDV) is modestly enlarged from 61 mL to 89 mL (ratio: 1.45). and 70% stenosis in right coronary artery. There is still no definite conclusion about the underlying mechanisms of TID. The most widely accepted explanation is myocardial thinning resulting from stress-induced diffuse subendocardial hypoperfusion, which produces a visually larger LV cavity [17] [18] [19] . At rest, the subendocardium is better perfused and the LV cavity appears smaller. Thus TID of this mechanism is "apparent," not "true."
Alternatively, other investigators had also postulated that TID was secondary to "true" dilation of LV [13] . Hung et al. conducted an interesting study, which assessed the relationship of TID and stress-induced changes of functional variables using early poststress and rest Tl-201 gated MPS [20] . They found that TID was significantly correlated with stress-induced ischemic stunning, as manifested by dropping LVEF and worsening of regional WM at stress. The enlargement of ESV at stress was more profound than that of EDV. A representative case was demonstrated on Fig. 6 . A 61-year-old female patient was found to have 3-vessel disease (80% stenosis in the proximal left anterior descending, 100% in the mid left circumflex Fig. 6 , which has consistently enlargements for both inner and outer surfaces, the size of the LV based on epicardial borders is almost identical between stress and rest in the current case. The pathophysiological mechanism of "TID" in this case should be stress-induced diffuse subendocardial hypoperfusion, resulting in "visually" enlargement of LV cavity. and 100% in the right coronary arteries) on invasive coronary angiography. The MPS images revealed reversible perfusion defects involving the apex, septum, inferior wall and lateral wall, and also prominent TID. Functional analyses of gated MPS revealed a severely depressed LVEF of 33% on stress and returned to 52% on rest. The regional WM abnormality was also more severe at stress than at rest, and the enlargement of ESV was significantly greater than that of EDV.
Although TID has already been confirmed to be a highly specific marker of "extensive and severe CAD", TID might also be related to microvascular disease [21] , which usually refers to the patients with chest pain but normal coronary angiograms (CPNCA). CPNCA is used to be clinically called as "microvascular angina" or "syndrome X", which was found to have stressinduced diffuse subendocardial hypoperfusion as evidenced on vasodilator-stress and rest cardiac MRI [22] . Fig. 7 shows the images of an 82 year-old female patient, who presented with typical angina pectoris and was referred for MPS as a work-up of suspected CAD. Homogenous perfusion was noted on both stress and rest images, but she was still referred for invasive cor-onary angiography due to the appearance of remarkable TID on MPS. This case was finally concluded as "microvascular disease" because no significant diameter stenosis was found in the epicardial coronary arteries on angiography. In order to avoid unnecessary invasive diagnostic procedure in "microvascular angina", multi-slice CT coronary angiography might be an optimal choice of imaging modalities for cases of TID on MPS with normal or near-normal perfusion [23] .
SRESS-INDUCED ISCHEMIC STUN-NING
"Myocardial stunning", defined as prolonged global and/or regional myocardial dysfunction after stressinduced ischemia, has been well described on stress/ rest gated MPS [24] [25] . It might be manifested as transient post-stress decline of LVEF or reversible regional wall motion abnormality on gated MPS and were found to correlate with the severity of stress-induced perfusion defects. Plenty of studies further demonstrated that stress-induced stunning shown on gated MPS was correlated with severe and extensive CAD [26] [27] [28] [29] . It should be noted that the manifestations of ischemic stunning might be different when using different kinds of radiotracers (e.g. Tl-201 or Tc-99m sestamibi) or different types of stress (e.g. exercise or vasodilator).
Gated SPECT myocardial perfusion imaging provides information on perfusion at the time of tracer injection and function during image acquisitions. Although stress-induced myocardial stunning might persist for 30 to 240 minutes [30] , or even more than 24 hours [31] after stress, most of its effects resolve during the first 30 to 60 minutes [30] . Accordingly, the detection of stress-induced stunning on gated MPS depends greatly on the time interval between the end of stress and start of image acquisition. Image acquisition usually started 60 minutes after stress with the use of Tc99m sestamibi, but started within 5-10 minutes after stress with Tl-201. Thus, gated MPS using Tl-201 as the radiotracer might be more sensitive for detecting stress-induced ischemic stunning.
It is well-known that exercise-stress (such as treadmill test) used for MPS may cause true myocardial ischemia and thus induce ischemic stunning in patients with CAD during MPS. In contrary, vasodilatorstress does not increase myocardial oxygen demand as much as exercise stress and is believed not to cause ischemia as often as exercise [32] . Using the diameter stenosis shown on invasive coronary angiography as the reference standard, Hung et al. found that dropping of LVEF more than 6% after dipyridamole (a commonly used vasodilator-stress agent) stress was a Fig. 8 Representative functional images of ischemic stunning, in which wired grid and solid surface represent endocardial surfaces at end-diastole and end-systole, respectively. The images show mild to moderate hypokinesis involving apical-mid anterior wall, septum and inferior wall on stress images. On rest images, the anterior wall and septum are normokinetic, and apical inferior wall is mildly hypokinetic. Worsening of regional wall motion after dipyridamole-stress is observed in apical mid anterior wall, septum and apical inferior wall. The LVEF of stress and rest are 53% and 68%, respectively. These findings indicate ischemic stunning. highly specific indicator of high-grade coronary stenosis (a positive predictive value of 90%), but a sensitivity of only 35% [33] . In addition to the incremental diagnostic value in severe CAD, ischemic stunning shown on Tl-201 gated MPS has also been found to be an independent prognostic factor of predicting major adverse cardiac event [34] . Fig. 8 shows the images of the same patient with triple vessel disease in Fig. 4 . Although the perfusion images shown on MPS are near normal, the functional images show significant stress-induced stunning, as manifested by both dropping of LVEF and worsening of regional wall motion after vasodilator stress. This case indicates the incremental value of ischemic stunning in the detection of severe and extensive CAD with gated MPS.
STRESS-INDUCED DYSSYNCHRONY
Phase analysis for gated MPS was first developed by Chen et al. in 2005 for measuring LV dyssynchrony [35] . Previous studies have shown that quantitative indices given by phase analysis, such as phase standard deviation (PSD) and phase histogram bandwidth (PHB), were correlative well with LV dyssynchrony measured by tissue Doppler imaging [36] [37] [38] , highly reproductive and repeatable [39, 40] , and predictive of response to cardiac resynchronization therapy (CRT) in heart failure patients [41] . All of the above studies were done using Tc-99m labeled radiotracers (sestamibi or tetrofosmin). As we mentioned previously, gated MPS with Tc-99m tracers usually acquired data one hour or more post injection. They represented late post-stress function, which is close to resting function. Therefore, a study using Tc-99m sestamibi MPS reported that the presence of even large reversible defects did not alter LV dyssynchrony from rest to stress [42] . Chen et al. first validated the performance of Tl-201 gated MPS for phase analysis and found good correlation with Tc-99m sestamibi [43] . The same group further investigated whether stress-induced myocardial ischemia is associated with LV mechanical dyssynchrony [44] . This study demonstrated that stressinduced myocardial ischemia caused dyssynchronous contraction in the ischemic region, deteriorating LV synchrony. Normal myocardium had more synchronous contraction at stress, but scarred myocardium had no change. Example images are shown on Fig. 9 . The different dyssynchrony pattern between ischemic and normal myocardium at early post-stress may aid diagnosis coronary artery disease using Tl-201 gated MPS. Further study is warranted to assess the incremental value of stress-induced dyssynchrony over conventional assessment of Tl-201 gated SPECT MPI in the diagnosis of CAD, especially in the settings of multi-vessel disease with balanced ischemia.
CONCLUSION
MPS has been an established imaging modality, which provides very useful diagnostic and prognostic information for patients with suspected or known CAD. It has also been clinically accepted as the gatekeeper of further invasive procedures in the management of CAD. However, its limitations to underestimate the severity and/or extent of myocardial ischemia in patients with multi-vessel disease should be noticed carefully. Additional markers shown on MPS, such as TID, ischemic stunning or worsening dyssynchrony caused by stress, are all useful to help reduce or avoid this rare but serious clinical setting.
